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ABSTRACT
THE DATA PRESENTED IN THIS BULLE-
TIN WERE OBTAINED FROM LABORATORY OPER-
ATED CELLS WHICH, IN MOST CASES, SIMU-
LATED FIELD CONDITIONS OF METAL BURIED
IN SOIL. THE EFFECTS OF A-C ON THE COR-
ROSION RATE OF BURIED STEEL WERE STUDIED
FOR CONDITIONS OF CONSTANT CURRENT AND
CONSTANT VOLTAGE.
A-C WAS FOUND EFFECTIVE IN ACCELER-
ATING THE SOIL CORROSION OF ALL METALS
TESTED, INCLUDING FERROUS AND NONFERROUS
ALLOYS. CORROSION DUE TO A-C RESULTED
FROM THERMAL AND ELECTRICAL EFFECTS.
THE ELECTRICAL EFFECTS MAY BE
CONTRIBUTED BY A-C ONLY WHEN D-C IS
BLOCKED FROM THE CIRCUIT. NO CONSIST-
ENT RELATIONSHIP COULD BE FOUND BETWEEN
A-C AND THE D-C COMPONENT IN CELLS WITH
STEEL ELECTRODES. IN ADDITION, A D-C
COMPONENT WAS FOUND IN CELLS WITH
APPARENTLY IDENTICAL STEEL ELECTRODES
AND ENVIRONMENT.
THE PRESENCE OF A-C IN AN ELECTRI-
CAL CIRCUIT COMPOSED OF DIFFERENT METALS
BURIED IN SOIL INCREASED THE D-C CURRENT
IN THE GALVANIC CELL AND INCREASED THE
CORROSION RATE NORMALLY EXPECTED FOR THE
ANODE OF SUCH A CELL.
FOR A RECTIFIED A-C SYSTEM, AN IN-
CREASED CATHODIC PROTECTION CURRENT WAS
REQUIRED TO OFFSET A-C CORROSION. THE
PRESENCE OF A-C REDUCED THE CATHODIC
PROTECTION CURRENT FOR THE SYSTEM EM-
PLOYING MAGNESIUM AS A SACRIFICIAL ANODE.
SEVERE CORROSION LOSS TO BOTH STEEL AS
ANODE AND MAGNESIUM AS CATHODE WAS EX-
PERIENCED FOR A-C DENSITY BEYOND APPROXI-
MATELY 25 MA/INCH 2 .
RECOMMENDATIONS ARE MADE FOR FIELD
INVESTIGATION OF A-C EFFECTS AND FOR
FURTHER RESEARCH TO DEFINE SPECIFIC
CAUSES FOR THE ACCELERATION OF CORRO-
SION BY A-C.
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I. INTRODUCTION
This investigation was initiated
in February 1961. The objective was to
determine whether the alternating cur-
rents induced in coated steel pipe
lines for gas transmission (due to
proximity to high voltage electrical
distribution lines) would cause accel-
erated corrosion exceeding that normal-
ly expected for coated steel pipe
buried in soil. This objective was con-
sistently maintained throughout the two
and one-half year duration of the re-
search program due to the sponsor's
principle interest in corrosion control
of extensive fuel gas lines in the
United States.
The investigation's scope was
broad enough to encompass variables
such as current density, voltage, soil
pH, and texture, and the effects of a-c
on other metals normally found in the
soil whether coupled electrically with
or in close proximity to the steel pipe.
The research was sponsored by the
American Gas Association as a result of
the efforts and interest of Mr. Frank
E. Kulman, Senior Engineer of the Con-
solidated Edison Company of New York,
Incorporated. Mr. Kulman was then a
member of the Corrosion Committee of
the American Gas Association. A survey
of the literature on a-c corrosion was
made by Kulman and published.(1) In
general, the literature cited laboratory
investigations of the effects of a-c on
corrosion of various metals and showed
that a-c corrosion was possible. How-
ever, there were no data available from
which reliable estimates could be made
of possible corrosion loss in the field
due to induced alternating currents.
The initial research proposal, therefore,
considered the use of a gradient elec-
trode cell(2) for a broad survey of pos-
sible a-c corrosion under simulated
field conditions. It was further pro-
posed that individual (non-gradient)
electrode tests be carried out to estab-
lish quantitative field related data if
the gradient electrode tests indicated
the probability of significant effects
of a-c on the corrosion loss of buried
steel pipe. The investigation followed
the lines of the initial proposal. With
the finding of significant a-c effects
in the gradient electrode tests, the
individual (non-gradient) electrode
tests were instituted to obtain quanti-
tative data of corrosion loss under
specific a-c and soil conditions.
II. TEST PROCEDURES S DATA
A. GRADIENT ELECTRODE CELLS
A gradient electrode is a con-
ductor on which the current density is
purposely made to vary as a function
of the distance of the conductor's
area from its opposite conducting area.
An example of a gradient electrode is a
wire placed vertically in the electro-
lyte and paired with another wire placed
horizontally; the latter is the gradient
electrode with current density decreas-
ing with increasing distance from the
vertical electrode. If the current den-
sity on all portions of the gradient
electrode can be kept constant the sys-
tem can provide valuable data on elec-
trode behavior over a wide range of cur-
rent densities.
The gradient electrode cell had
been used previously by Bruckner and
Jansson (2 ) and had provided a means of
precisely defining the minimum protec-
tive potentials for lead-alloy cable
sheath under cathodic protection. As
used in the previously cited reference
the horizontally disposed lead electrode
was made a gradient cathode while the
opposing lead electrode in a separate
compartment functioned as a point
anode. In adapting the method to the
a-c study, two long horizontal steel
bars were employed as gradient elec-
trodes with the expectation of sym-
metrical behavior of both electrodes
under uniform operating conditions.
The advantages of the gradient elec-
trode cell? in providing data on cor-
rosion over a broad range of current
densities were considered to be most
useful in the initial stages of the a-c
corrosion research program.
The data obtained from the
gradient cells were of considerable
value in providing an initial broad sur-
vey of the complexity of the a-c cor-
rosion study. However, only qualitative
data on corrosion loss could be derived
from the gradient electrodes. The
details of the tests made are given in
Appendix C.
B. A-C CORROSION TESTS OF STEEL WITH
CONSTANT-CURRENT CELLS
The constant-current cells were
operated at four different a-c densi-
ties and under four different soil
conditions. The existence of a d-c
component in the cell circuit was pre-
vented by use of back-to-back electro-
lytic capacitors. All of the tests
were made at the four current densities
(60 cycle a-c) for variable time to
provide a constant ampere-hour rating
for the test duration of 336 ampere-
hours per square inch of electrode area.
The four current densities were 50,
100, 300 and 500 ma/inch . The four
soil conditions used were as follows:
Series H - neutral soil
Series I - soil plus HCl to give
5.0 pH
Series J - soil plus NaOH to
give 9.0 pH
Series K - soil-sand 50% by
weight of each to
give loosely textured
soil with neutral pH
The soils cited above were used
as electrolytes in one-liter beakers
and were saturated with demineralized
water. The spacing of electrodes and
controls in the lucite-holder on top of
each one-liter beaker are shown in
Figure 1. The closer spacing of the
controls in the center of the cell was
made to assure corrosion of controls in
the same thermal field as the elec-
trodes. A 3/8" long portion of the
1/8" diameter specimen served as a
0.148 square inch contact area with the
electrolyte for both electrodes and
controls.
The steel specimens were pre-
pared for test by washing in acetone
and weighing to the nearest 1/10 mg.
They were then dipped into a heated
beaker of AWWA tar-enamel. The tar-
enamel was removed from a 3/8" long
piece of rubber hose wired to the
specimen before dipping. The specimen
contact area was then cleaned with
acetone before it was placed in the
cell. On dismantling the cell, when
the test was completed, the electrodes
and controls were inspected, evaluated,
and subjected to cathodic derusting in
5% H2S04 at a current density of
500 ma/inch 2 . The tar-enamel coating
was then stripped from the specimens
and scrubbed in benzine before re-
weighing to determine corrosion loss.
In general, corrosion was confined to
the uncoated area. No corrosion tend-
ency was in evidence under the tar
coating near the uncoated electrode
areas.
All cells operating at the same
current density were placed in series
with the variac and blocking condensers.
This prevented the existence of a d-c
component. All cells were maintained
undpr saturated soil conditions by ad-
ditions of neutral, deionized water.
In order to accumulate the constant
ampere-hours at current densities of
500, 300, 100, and 50 ma/inch2, the
respective test durations were approx-
imately 28, 46, 148, and 280 days.
Table 1 gives a summary of the
weight loss in milligrams for the two
a-c electrodes and the two control
specimens in each cell of test series
H, I, J, and K. Table 2 gives a sum-
mary of the corrosion losses for the
same series of tests in terms of a cor-
rosion rate expressed as milligrams
lost per square inch per day. The cor-
rosion rate in mils per year can be ob-
tained from the above corrosion rate by
multiplying by 2.85 or roughly by 3. A
net corrosion rate, obtained by
TABLE 1. WE!.:iT LO(SS 'PATA FR SERIES :!,1,J,K FOP A-C DPF1ITIEc
OF 50,100,300 ANID 500 !ILLIA'IPERES PER SQUARE INCH
Water
Water
Water
Water
Sat' d
Sat' d
Sat' d
Sat' d
Soil
Soil
Joil
Soil - Sand
pH - 7.0
pH - 5.5
pH - 9.0
pH - 7.0
Series H
Alternating Recorded Wt.
Current Wt. Loss
Density Loss Ave.
in ma/in.2  in mq. in mq.
Data for Electrodes:
500 33.3 31.2
29.2
300 27.6 32.4
37.2
100 9.2 28.2
47.2
50 22.4 27.6
32.8
Data for Contro
500
is:
3.6
3.4
5.2
5.3
3.3
7.0
14.4
14.0
Series I Series J Series K
Recorded Wt. Recorded
Wt.
Loss
in mq.
40.0
28.2
37.3
23.1
42.4
40.4
28.3
29.7
3.5 14.8
9.9
5.2 17.4
21.3
5.1 19.2
9.1
14.2 10.8
12.1
Loss
Ave.
in mq.
Wt.
Loss
in mq.
34.1 12.7
16.7
30.2 16.9
13.3
41.4 5.1
1.9
29.0 16.2
16.9
12.3 1.4
1.8
19.3 1.3
7.2
14.1 0.9
0.4
11.5 11.8
27.4
Wt. Recorded Wt.
Loss
Ave.
in mq.
Wt.
Loss
in mq.
14.7 31.3
29.5
15.1 20.8
35.8
3.5 
3 0
.4
27.5
16.5 16.5
15.1
1.6 11.2
13.3
4.2 14.5
18.7
0.6 12.5
10.3
19.6 8.6
8.7
subtracting the corrosion rate of the
control specimens from the electrode
corrosion rates, is given in Table 2.
The data for the constant am-
pere-hour tests are also given in
Figures 2 to 5. In Figure 2, the cor-
rosion rate for the different series
of tests is plotted against current
density. The corrosion rate of the
control specimens is plotted in Figure
3 against the current density used for
the particular electrodes in the cell
where the controls were placed.
The corrosion rate of the con-
trols is also plotted against the log
of time in Figure 4. Figure 5 gives
the net corrosion rate of the electrodes
plotted against current density.
Series
Series
Series
Series
Loss
Ave.
in mq.
30.4
28.3
28.9
15.8
12.2
16.6
11.4
8.7
TABLE 2. CORROSIO! RATE DATA FOP SERIES !H,I,J,Y FOP A-C
DENSITIES .OF 50,100,300 AND 500 MILLIAh-PERES PER SQUARE INCH
Water
Water
Water
Water
Electrolyte
Sat'd Soil
Sat'd Soil
Sat'd Soil
Sat'd Soil - Sand
Corrosion
Electrodes
100 300
1.3 4.7
1.96 4.35
0.25 2.18
1.39 4.06
Rate
500
7.6
8.25
3.58
7.35
in mq/day/in2
Controls
50 100 300 500
0.34 0.32 0.75 0.85
0.28 0.74 2.78 2.96
0.47 0.09 0.61 0.39
0.21 0.54 2.4 2.95
Net Corrosion Rate in mq/in2 /day
Cell 50 100 300' 500
H 0.32 1.0 4.0 6.8
I 0.42 1.2 1.6 5.3
J 0(-0.75) 0.19 1.6 3.2
K 0.17 0.85 1.6 4.3
Note: The negative sign indicates that the corrosion rate of the electrodes
was less than that of the controls.
A discussion of the constant am-
pere-hour series of tests is as follows:
Figure 2 shows that the corrosion rate
varied substantially as a straight line
with current density for the specimens
energized with a-c. In Fig-re 3 the
control specimens show the effects of
thermal activation in accelerating
natural corrosion, especially at higher
current densities, for Series I and K
respectively, for pH 5, and sand-soil
cell conditions. It is noted that the
thermal effects are less pronounced
for the Series H and J control speci-
mens shown in Figure 3. It should
also be noted that the thermal effect
becomes of minor proportion and quite
consistent for all soil conditions at
a current density of 100 ma/inch2 .
A log decrease in corrosion
rate for the control specimens with
time is shown in Figure 4. In Figure
5 the net corrosion rate for the elec-
trodes versus current density shows a
straight line relationship only for
Series H and J tests with, respective-
ly, neutral and pH 9.0 soil conditions.
Equations for Series H and J in Figure
5 are as follows:
Series H: Y = 0.0147X - 0.47
Series J: Y = 0.00796X - 0.79
The corrosion rate Y is in terms
Series
H
I
J
K
Cell
H
I
J
K
50
0.67
0.70
0.40
0.38
of mg/day/inch 2 and can be converted
to mils penetration per year by multi-
plying by 2.85 or roughly by 3.
The curves in Figure 5 are con-
sidered to be the closest possible ex-
pression of the purely electrical ef-
fects of a-c on corrosion since the
thermal effects were expected to be
subtracted out of the electrode data
by subtracting from them the corrosion
rate of the controls. The thermal
effects on controls of Series I and K
were, however, so much greater than
for the controls of Series H and J
that the net effect of a-c for Series
I and K was a consistent lower net cor-
rosion rate than for the neutral soil
in Series H.
An additional evaluation of the
thermal contribution to a-c corrosion
was made by operating a series of
constant-current cells with soil elec-
trolyte under isothermal conditions.
The tests were made by H. A. Levin.
Data on cell temperatures versus
electrode current density were available
for the Series H, I, J and K test series
previously cited. The data for Series
H (neutral soil) and K (sand-soil)
electrolytes are given in Figure 6.
This figure shows the temperature
measured in the center of the cell in
accordance with Figure 1 for current
densities to 500 ma/inch 2 . The higher
temperature of the series K sand-soil
cells reflects the higher cell resist-
ance which contributes a larger 12R,
although the cell current is the same
as in Series H. The isothermal studies
were made only for cells comparable
with those of Series H in neutral soil
saturated with demineralized water.
Organization of the tests, their con-
duct, and their data are given in the
following section.
C. ISOTHERMAL STUDIES
Four test cells were operated at
a-c densities of 5, 50, 100, and 300
ma/inch 2 in neutral soil saturated with
demineralized water. The conditions of
cell operation duplicated those of
Series H with a number of exceptions.
By means of variac controlled heating
mantles for the one-liter beaker cells
the temperature of the control and
electrode specimens in all of the cells
was maintained at 36.50 C + 20 C. The
latter temperature was the operating
temperature of the H series cell with
current density of 500 ma/inch 2 . It
would have been preferable to have re-
duced the temperature to an average of
450 F. reported to exist on buried gas
lines; however, attempts to conduct
the tests at a subnormal temperature
were found to involve insurmountable
difficulties. It was considered that
the more easily accomplished isothermal
studies at elevated temperature would
provide an adequate answer to the
question of whether the effect of a-c
on steel corrosion was merely that of
thermal activation or whether there were
an additional electrical effect.
The isothermal tests were con-
ducted over a period of eleven weeks
during which time it was determined by
periodic checks that the control
specimens were at substantially the
same temperature as the electrodes in
each cell. The weight loss data are
given in Table 3 for the tests made at
current densities of 50, 100, and 300
ma/inch2 after cathodically removing
the corrosion film as previously de-
scribed. During cathodic cleaning,
improper manipulation of the specimens
from the cell operating at 5 ma/inch2
required that the data be discarded;
thus, only three different current
densities are shown in Table 3 for the
corrosion loss under isothermal opera-
tion.
Figure 7 shows the weight loss
data of Table 3 plotted against the
amp-hrs/inch2 for the.electrode and
control specimens. It is evident from
Figure 7 that the control specimens
have a smaller spread in the individual
corrosion loss and all have nearly the
same loss in weight. The electrodes,
however, have a larger weight loss which
increases consistently with increasing
current density. It is, therefore,
possible to conclude that the effects
of a-c on the corrosion of steel in
soil cells comprise both a thermal ef-
fect shown in the previously cited data
from Series H, I, J, K and a purely
electrical effect shown in the isother-
mal tests.
D. A-C CORROSION TESTS OF STEEL WITH
CONSTANT-VOLTAGE CELLS
In the operation of the constant-
current, constant amp-hour series, it
was necessary to increase the cell
voltage in order to provide constant
current against the increasing resist-
ance of the corrosion film. The sand-
soil cells of Series K required the
highest cell voltages and at the end
of the test run for 500 and 300
ma/inch2 current density, the required
voltage was about 400 volts. Such
high voltages for the test cells
appeared unrealistic compared with
those available generally in the
field; therefore, the constant-voltage
tests were initiated.
Four constant-voltage cells were
operated, one each at initial current
density of 50, 100, 300, and 500
ma/inch2. Two steel electrodes spaced
as in Figure 1 were placed in each
cell containing neutral soil. Control
specimens were not included. The
constant voltage was that required to
provide the initial current density
cited earlier and current through the
cells was recorded periodically.
Blocking capacitance was not used in
the circuit to prevent existence of a
d-c component as in the constant-
current Series H, I, J, and K.
The cells were run for 47 days
and weight loss was determined as
given in Table 4. The curves for
current density versus time are shown
in Figure 8. It was noted from the
data in Table 4 that the total cor-
rosion loss was practically the same
at all current densities. Further-
more, the maximum loss for one of the
electrodes occurred at the lowest
current density which also gave the
widest difference between the elec-
TABLE 3. W'EIGHT LOSS DATA FOR ISOTHERMAL TESTS WITH CONSTANT CURRENT
Current
Density
ma/in.
300
300
Control
Control
100
100
Control
Control
50
50
Control
Control
Average
Weight Loss
milligrams
30.6
12.0
23.7
6.2
15.8
9.6
TABLE 4. DATA FOR CONSTANT A-C VOLTAGE CELLS SERIES L (INITIAL) TESTS
Initial AC Corrosion Loss
Current Density in mg.
Cell ma/in2  Elect. 1 Elect. 2
L-1 50 2.7 39.3
L-2 100 6.5 33.8
L-3 300 8.9 33.8
L-4 500 18.2 19.8
* Note: Step-Up Transformer Required.
Total Loss
Both Elect.
in mq.
42.0
40.3
42.7
38.0
Cell
Voltage
Volts
10-18
19
51
68*
External
Resistance
Ohms
Less Than
4
6
20
102
trode pair. The d-c resistance in
the variac for the required a-c vol-
tage was measured on completion of
tests and is given in the last column
of Table 4. Therefore, it was appar-
ent that the a-c cell voltage was not
the only variable. Although the d-c
current component was not measured, it
could have been a maximum in cell L-1
due to its low d-c resistance.
The constant-voltage tests were
repeated exactly as above except that
resistance was placed in each circuit
so that each circuit had the same d-c
resistance exclusive of the resistance
provided by the cells and corrosion
films. The added resistance had a
value of about 700 ohms or less,
Spec.
No.
1
2
A
B
3
4
C
D
5
6
E
F
Weight Loss
milligrams
38.3
22.8
11.2
12.8
18.2
29.1
7.2
5.2
21.0
10.6
8.7
10.5
depending upon the initial current
rating for a-c. The data for corro-
sion loss are given in Table 5.
Table 5 shows, in contrast with
Table 4, that the corrosion losses of
both electrodes in any cell are nearly
the same and that the average corrosion
loss increased with increasing a-c den-
sity when all cells had the same d-c
circuit resistance. Figure 9 compares
the corrosion rates of both constant-
voltage test series. Data for these
series are given in Tables 4 and 5.
Comparing corrosion rates for
constant current with constant voltage
shows that the latter are 1/4 to 1/6
of those experienced at the constant-
current density equivalent to the
initial value of the constant-voltage
cells.
Considering Figure 8, one notices
that the most rapid changes in current
density with time occur at a higher
current density. These changes are
believed to be related to the resistive
component introduced into the circuit
through corrosion films of increasing
thickness. The same general trend
shown in Figure 8 was repeated for the
modified (700 ohm) constant-voltage
tests, except that at higher a-c voltage
erratic changes in cell current were
experienced. These rapid changes in
the constant-voltage cells may be as-
sociated with composition or structural
changes occurring in the corrosion
films on the electrodes.
E. CONSTANT-CURRENT CELLS - VARIOUS
METALS
A number of tests were planned
in which the effects of a-c could be
determined for steel pipe as an elec-
trode coupled with other dissimilar
metals similar to those present in the
field. Usually these metals are cast
iron and copper: these metals were
later surveyed for a-c effects when
coupled with steel as an electrode
material. However, prior to setting
up the dissimilar electrode cells,
five cells were operated with pairs of
similar electrodes of copper, aluminum,
lead, cast iron, and zinc in neutral
soil under constant current at 100
ma/inch 2 . Blocking condensers were
not placed in the circuit; therefore,
there was an opportunity for a d-c
component to be present. However, its
presence or absence was not
investigated.
Table 6 gives a summary of the
data obtained for the five cells. It
is evident from the data that 100
ma/inch2 of a-c had a considerable
effect on the 0.148 square inch ex-
posed initial area of the electrodes
of all five metals, as compared with
the control specimens.
The results of coupling dis-
similar copper and cast iron elec-
trodes with those of steel in circuits
with a d-c component and 100 ma/inch2
a-c are shown in Table 7. The tests
were made in neutral soil and show
that a-c coupling of copper and steel
TABLE 5. DATA FOR CONSTAIT A-C VOLTAGE CELLS SERIES L CREPEAT) TESTS
Initial AC
Current Density
ma/in2
Corrosion Loss
in mg.
Elect. 1 Elect. 2
Total Loss
Both Elect.
in mg.
Cell
Voltage
Volts
External
Resistance
Ohms
L 1-1 50 6.1 6.5 12.6 11.1 700
L 1-2 100 12.0 12.8 24.8 37.1 700
L 1-3 300 23.0 10.4 33.4 57.0 700
L 1-4 500 30.3 48.0 78.3 88.0 700
L 2-4* 500 19.3 19.9 39.2 77.0 700
* Note: Repeat Cell for L 1-4
increased the corrosion rate of both
metals over that exhibited by galvanic,
d-c coupling but was particularly se-
vere in causing corrosion of the steel
electrode.
For cast iron and steel, the
corrosion rate with a-c is practically
double that with d-c coupling only.
F. A-C CORROSION TESTS OF STEEL IN
SYNTHETIC SOILS (SILICA SAND WITH
CHLORIDE OR SULFATE ADDITIONS)
1. Series P and R Tests
Because of the highly complex
nature of the physical and chemical
characteristics of natural soils,
particularly of the Illinois soil in
which the previously reported a-c
corrosion tests were made, it was
considered desirable to determine a-c
effects on steel buried in simplified
synthetic soils. The series P and R
tests were the first tests made and
were operated at the constant voltage
required to provide initially 100
ma/inch2 of a-c. A description of the
test follows.
Both P and R tests were made in
one liter beakers filled with a dry,
white silica sand which had been
washed free from soluble salts then
dried. Before filling the beakers
with the inert sand two electrodes
and two controls were placed at the
bottom of the beaker in accordance
with the cell design shown in Figure
10. The electrodes and controls were
placed in the inert sand, then the
aqueous electrolyte was added. Both
P and R series were given subscripts
1, 2, and 3 to correspond to salt
concentration respectively of 1.0,
0.10 and 0.01 gm per liter. The salt
was NaCl for Series P and Na2 SO4 for
Series R. In order to prevent access
of air to the electrolyte, a layer of
paraffin oil was placed above the sur-
face of the electrolyte used for
saturating the inert sand. The cells
were operated initially at 100
Cell
TABLE 6. SERIES VA TESTS--VARIOUS WETALS AT 100 MA/IN2 IN NEUTRAL SOILS
Corrosion Loss
in Milligrams
Electrodes Controls Remarks
18.5 1.5 Slight Local
17.0 1.2 Pitting of
Electrodes
Complete Deterioration of Both Elec-
trodes and no Apparent Effect on Controls
113.9 5.4 Electrodes
o A Severely PittedJ *.
40.9
10.0
35.0
32.7
6.7
10.5
2.5
1.7
ma/inch2, then maintained at the con-
stant initial voltage for 47 days.
Direct current was not blocked but was
recorded periodically as indicated by
a microammeter in each cell circuit.
The data for Series P and R are
given in Table 8 and Figures 11 and 12.
Table 8 summarizes the corrosion loss
data. The extremely low electrode loss
throughout is of primary interest and
is thought to be coupled with the
general appearance of all electrode
corrosion films. All of the electrodes
had a jet-black, tightly adherent, but
thin corrosion film. Some of the
grains of white sand were cemented
into the film. The film had the
characteristics of Fe304 composition
but was not analyzed. Usually when
soil-corroded electrodes are immersed
in the H2SO4 for cathodic de-rusting
there is a momentary effervescence due
to decomposition of the carbonates in
the corrosion ,film. In the case of
the P and R series no carbonate re-
action was obtained; thus, a reason-
able assumption would be that iron
carbonate was not a constituent of
the electrode corrosion film.
The data for Series P and R
shown in Figure 11 and 12 indicate
the rate at which resistive component
is introduced into the circuit via
the corrosion film. The initial rate
in all cases is greater than the rate
after approximately two weeks of
operation and in several cases actual-
ly has a positive slope with extended
operation. The slopes of the curves
may be compared with the 100 ma/inch2
curve of Figure 8 which represents a
considerably greater corrosion rate
than for Series P and R. The d-c in
microamps recorded in the P and R
series is shown on the curves in
Figure 11 and 12. The d-c component
Cll
M-1
M-2
M-3
M-4
M-5
Duration
Toes t-D-ans VMet-al
Copper
Aluminum
Lead
Cast Iron
Zinc
RemarksCell est- a-s
TABLE 7. CORROSION LOSS FOR BI-PETAL ELECTRIXE CELLS
NA 3 Circuit:
Test Duration: 35 Days
Electrolyte: Neutral Soil
AC Current Density: 100 ma/in.
Copper -
Weight Loss
in mg.
Recorded Ave.
1.9 1.9
36.2 36.2
Steel
Corrosion
Rate 2
mq/day/in.
0.37
7.0
Cast Iron
Weight Loss
in ag.
Recorded Ave.
30.2 30.2
26.0 26.0
- Steel
Corrosion
Rate 2
am/day/in.
5.8
5.0
NB Circuit:
Test Duration: 58 Days
Electrolyte: Neutral Soil
AC Current Density: 0
Copper -
Weight Loss
in ag.
Recorded Ave.
Cu 0.6 0.4
0.2
Fe 15.4 15.7
16.0
Steel
Corrosion
Rate 2
mq/dav/in.
0.05
1.8
Cast Iron
Weight Loss
in ag.
Recorded Ave.
CI 24.0 20.5
17.1
Fe 14.6 16.8
19.0
- Steel
Corrosion
Rate 2
mq/day/in.
2.4
1.96
Note: C in all Diagram Indicates the Position of a
Bi-Netal Cell.
in the circuit vanishes with extended
operation, which indicates that each
electrode of a pair in the cell may
have developed either the same potential
with respect to its environment or the
same film thickness. This is confirmed
by the close duplication of weight
losses shown in Table 8. :t should be
noted that while Figure 11 and 12 show
the d-c component the frequent reversals
of polarity which were experienced are
not shown.
A correlation was sought for
resistance component indicated by the
current density, Figures 11 and 12,
with the data in Table 8 for individual
and average electrode corrosion loss.
No consistent trend is observed for the
data. Perhaps, to a great extent, this
is due to the large differences in
specific resistivity of the electro-
lytes. For PI, P2 , and P3 , these
TABLE 8. DATA FOR CORROSIONJ LOSS SERIES P AID P
Electrolyte
Concentration
Weight Loss in
Milligrams
Recorded Average
Corrosion Rate
in mg/day in.
Average Net
1 Gm/Liter
0.1 Gm/Liter
0.01 Gm/Liter
Electrode
Control
Electrode
Control
Electrode
Control
2.7
3.2
1.0
10.0
1.1
0.6
6.2
8.6
1.9
3.0
2.3
8.3
0.8
7.4
1.5
0.43 0.10
0.33
1.2
0.11
1.06 0.85
0.21
1 Gm/Liter Electrode 5.1
5.2
Control 0.9
0.4
0.1 Gm/Liter Electrode
Control
0.01 Gm/Liter Electrode
Control
3.8
5.3
0.1
0.4
3.9
2.4
0.4
0.4
0.65 0.62
0.03
0.45
0.06
0.39
* Test Conditions: Buried electrode cells as shown in Figure 5 were used. The
electrodes were buried in inert white sand saturated with
electrolyte. The electrolyte was covered with a paraffin
oil film to prevent access of air. The P and R series were
NaCl and Na2SO4 in demineralized water respectively. Pl,
P2, P3 and R1, R2, R3 contained 1.0, 0.1, and 0.01 gram/
liter of salt respectively. The cells were operated at
constant voltage. The voltage was sufficient to give an
initial a-c current density of 100 ma/in.2 The duration of
the tests was 47 days.
values were 580, 4,800 and 41,500 ohms-
cm respectively. For R1 , R2 , and R3
they were, respectively, 645, 5,650 and
55,500 ohms-cm.
The extremely low corrosion rate
coupled with a Fe304 film and absence
of the carbonate in the corrosion prod-
ucts is considered to be the most im-
portant data for the P and R series.
P Series
R Series
0.73
0.09
0.64
*
2. Miscellaneous Tests in Synthetic
Soil
In the discussion of the P and
R series it was suggested that the cor-
rosion rate was low because of the ab-
sence of carbonate formation in the
corrosion film. Accordingly, R1 test
was repeated with the addition of 1
gram of activated carbon to 500 grams
of silica sand. This mixture was
poured around the electrodes and con-
trol specimens in the bottom of a one-
liter beaker. The electrolyte was
added and finally covered with an oil
film. The electrolyte was an aqueous
solution of 1 gm Na2SO4/ liter. The
activated carbon was added with the
expectation that reaction with avail-
able oxygen would furnish carbonate.
Table 9 shows the data for the R -l
test compared with the initial R1 test
given previously in Table 8.
Another pilot test of a syn-
thetic soil was made by adding an elec-
trolyte to washed silica sand as in
the R -1 test. The electrolyte added
to the sand for Tl test was an aqueous
solution which synthesized the composi-
tion of the water extract from soil No.
8, Fargo clay loam. It is given in
Table 3 of a National Bureau of
Standards circular.(4) This soil is
listed as one of "Most Corrosive"
nature. The composition of the water
extract for soil No. 8 is given below.
The composition of water extract
in mg-eq. per 100 grams of soil for
Fargo clay loam is:
Na+K (as Na) - 1.42 Cl - 0.01
Ca - 1.72 SO4 - 4.43
Mg - 2.55
CO2  - 0.00
HCO - 0.71
pH - 7.6
electrical resistivity 350 ohm-cm.
When the water extract was syn-
thesized it had an initial pH of 8.5.
The solution was used to saturate the
silica sand; an oil film was placed on
top. Both R -1 and TI were operated
for 47 days at a constant voltage re-
quired to give an initial current
density of 100 ma/inch . Table 9
gives the data for test T1. An exact
re-run of the test T1 was made (desig-
nated as Ti-1 cell) later in the pro-
gram. The data are given in Table 9
in order to afford a comparison with
the earlier test in regard to repro-
ducibility.
The data in Table 9 show that
the addition of activated carbon did
not modify the corrosion loss experi-
enced in test Ri, whereas the presence
of HCO3 ions in test Tl gave an elec-
trode corrosion rate comparable with
those found in Illinois soil. The T1
test was extended to a series to ex-
plore the corrosion loss for constant
current conditions, lower pH, (to
compare with that found in the actual
Fargo soil) and for the presence or
absence of various constituents of the
synthetic water extract with the HCO3
ion removed.
TABLE 9. CORROSION LOSS DATA FOR SYNTHETIC SOILS
Weight Loss in mg.
Recorded Ave. Corrosion Rate in mg/day/in2
Electrodes
Controls
Electrodes
Controls
Test T 1
Electrodes
Controls
Test T 1-1
Electrodes
Controls
17.6
16.0
1.0
1.0
24.2
13.4
0.1
0.3
16.8
0.15
18.8
0.03
* All cells were operated 47 days at constant voltage sufficient to give an
initial ac current density of 100 ma/in2 .
** The cell contained sand saturated with 1 gm/liter Na2SO4 and 1 gin. activated
carbon per 500 gm. sand. A dc component existed in the circuit.
*** Data from Table 13
***** The cell contained sand saturated with synthetic water extract of Fargo
Clay loam. The cell was operated similarly to R 1-1 and R 1.
3. Constant-Current Tests in Synthetic
Fargo Soil
From the results of the Tl test
cited in the previous section, the
synthetic Fargo soil seemed to give an
a-c corrosion rate comparable with
tests at constant voltage for the
Illinois soil. It appeared desirable
Test R 1-1**
Test R 1
0.69
0.35
0.73
0.09
to make a similar comparison for a cell
operating with a constant current.
Accordingly, cell Tl-4 was operated at
100 ma/inch 2 under the same conditions
as those for the similar H cell series
described in section IIB, except that
series H electrolyte was Illinois soil
with neutral pH and T1-4 was silica
sand with Fargo synthetic soil extract.
The Fargo extract had an initial pH of
8.5.
The data from cell Tl-4 are
given in Table 10. It is compared
with the earlier data for Series H
from Table 2. Almost exact reproduc-
ibility for the average of two tests
of 148-days duration is to be noted,
although duplication of electrode loss
data for the H3 cell is extremely
poor.
The data cited appeared to have
established an equivalence of corrosive-
ness for the Illinois and the synthetic
Fargo soil with pH levels of 7.0 and
8.5 respectively. Therefore, consider-
ation was given to exploring the effects
of adjusting the pH of the synthetic
soil to the pH of 7.6 reported for the
Fargo soil in the Bureau of Standards
reference.(4) Another consideration
was an assessment of the importance of
the presence of CO2 as the carbonate
or bicarbonate ion in the electrolyte,
because the earlier P and R test series
had shown extremely low corrosion rates
in the absence of corrosion films con-
taining carbonates.
As a result of these considera-
tions, three series of constant-current
tests at 100 ma/inch2 with the d-c
component blocked from the circuit
were made as follows:
Series TF - The electrolyte was
of washed silica sand, to which was
added the constituents required to syn-
thesize the Fargo soil; the pH was ad-
justed to 7.6 by addition of HC1. One
cell each was operated for 4, 8, and 12
weeks with paraffin oil on top of the
electrolyte in the cells to prevent
access of CO2 in the air. Air was,
however, given access to the electro-
lyte by means of tubes filled with soda-
lime which removed any CO 2 contained in
the air. The tubes supplied air to the
cell by introducing the CO 2-free air
below the paraffin oil.
Series TH - The electrolyte was
the same as TF except that the HCO3
ion from the NaHCO3 addition was absent.
With no bicarbonate addition the pH was
6.6 and was not adjusted further. One
cell each was operated for 4, 8, and
12 weeks.
Series THF - The electrolyte was
the same as Series TH but NaOH was
added to provide a pH of 7.6 which was
then directly comparable with Series TF.
The data for the three series
are given in Table 11. The data for
the 8-weeks test in Series THF were
lost because of operational difficul-
ties with the cell. The cell was not
replaced.
The data show clearly that when
the NaHCO3 was omitted from the syn-
thetic soil the corrosion loss of the
electrodes was reduced to the level of
TABLE 10. COMPARISON OF A-C CORROSION DATA FOR ILLINOIS AND SYNTHETIC FARGO SOIL
Test Number
Weight Loss mg
Controls Average Electrodes Average
Average Corrosion Rate
mg/day/in.2
Controls Electrodes
H3 3.3  5.1 9.2 28.2 0.32 1.3
(Ill. soil) 7.0 47.2
TI-4 5.9 9.5 35.1 31.3 0.42 1.4
synthetic soil 13.6 27.4
* Constant-current tests at 100 ma/in. 2 , 148 days (21 weeks) and d-c component
blocked
the natural corrosion of the control
specimens. The corrosion rate of the
controls, however, was practically the
same with or without the bicarbonate.
It is also apparent that the corrosion
rate for electrodes and controls in the
synthetic soil is not greatly affected
by change in pH through pH 8.5 to
pH 7.6 to pH 6.6. Thus, it appears
that the bicarbonate addition is the
most important factor in a-c corrosion
of steel in the synthetic soil.
Previously, in section IIB, it
was noted that corrosion tests in
Illinois soil produced corrosion films
containing carbonates. Also, that
Series P and R tests with electrolytes
containing no carbonates, bicarbonates,
or organic material had low a-c corro-
sion rates and that no carbonates were
present in the corrosion film. Natural
soils may be assumed to have carbonates
or bicarbonates either present or
potentially present through oxidation
of organic content or by bacterial
action. Additions of carbonates or
bicarbonates to natural soil or soil
extract may have little or no effect
on a-c corrosion rates since the small
amount of carbonate required may al-
ready be present in the soil or be
formed concomitantly with the passage
of a-c.
A number of additional tests
comparable with Series TF were made
with the synthetic Fargo soil to which
NaOH had been added to achieve an
initial pH of 9.7. The weight loss
for the corrosion of electrodes and
controls for periods of 4, 8, and 12
weeks at constant current of 100
ma/inch 2 are negligible and therefore
were not included in Table 11.
G. CORROSION TESTS OF STEEL IN DIF-
FERENTIAL ENVIRONMENT CELLS
In Appendix C the behavior of
several gradient electrode cells was
described in which the steel electrodes
TABLE 11. DATA FOR CONSTANT-CURRENT CELLS WITH SYNTHETIC FARGO SOIL
Test Series TF with pH 7.6
Test Duration
Weeks
Electrodes
Controls
Weight Loss
mg
4 8
8.2 12.9
9.9 17.6
1.0 1.3
Average Corrosion Rate
mg/day/in.2
4 8 12
2.2 1.85 2.81
12
57.9
15.2
2.5 0.3 0.18 0.18
Test Series TH-HCO3 Absent, pH 7.6
Electrodes 1.7 4.2
1.4 3.1
Controls 0.7 2.6
0.9 2.3
Test Series THP-HCO3 Absent, pH 7.6
Electrodes
Controls
6.5
6.2
1.3
0.36 0.45
0.2
0.43
0.17
0.51
0.11
were placed in different soils. The
corrosion data for the gradient cells
involved only qualitative estimations.
However, periodic indications of
polarity and the level of the d-c
component in the circuit were obtained.
In order to obtain quantitative data
on corrosion loss of steel due to a-c,
three differential environment cells
were started. Their description
follows:
One-liter beakers with a
vertically placed sheet of plastic,
which divided the beaker volume into
two equal compartments, were used.
One compartment was filled with Illinois
soil and the other with a mixture of
equal weight of sand and Illinois soil.
Deionized water was then added and the
plastic separator removed from the
beaker. The bi-environment cell was
accomplished by inserting one of a
pair of steel electrodes into each of
the different cell electrolytes. No
control specimens were used. However,
the cell circuit contained a d-c
0.52
0.25
microammeter with a suitable a-c bypass
for the 100 ma/inch 2 constant current.
One cell each, designated D-1, D-2,
and D-3 was operated for 4, 8, and 12
weeks. Weight loss of each electrode
was determined for each period. The
polarity of the electrode in a partic-
ular environment was noted periodically;
values of current were not recorded ex-
cept during initial operation.
Initially, the steel electrode
in the sand-soil electrolyte was cathod-
ic in all three cells either with or
without a-c in the circuit. The d-c
ranged from 1 to 4 microamperes with
no a-c and went from 2 to 8 micro-
amperes with 100 ma/inch2 a-c. The
polarity of the electrodes fluctuated
frequently during the first week and
less frequently thereafter. Most
complete records taken for the D-2
cell showed consistently cathode polar-
ity for the sand-soil electrode after
three weeks operation.
Corrosion data for the elec-
trodes in cells D-l, D-2, and D-3 are
given in Table 12. The consistent in-
crease in weight loss with time for
both electrodes should be noted. The
more rapid rate of increase with time
for the soil electrode is also especial-
ly noteworthy. The larger weight loss
of the sand-soil electrode in spite of
predominantly cathodic polarity seems
to indicate that the d-c component may
be initially unimportant in this type
of cell. It is estimated that both
electrodes would have had an equal
weight loss of about 40 mg if a cell
had been operated for approximately
four additional weeks.
H. CORROSION TESTS OF STEEL IN CELLS
WITH DIFFERENT ELECTRODE AREAS
Two series of cells were start-
ed. One series had steel electrodes
with an area ratio of 1:2; the other
series had a ratio of 1:4. Again, the
electrolyte was water-saturated neutral
soil with a constant a-c. The constant
current provided a density ratio of
100:50 and 100:25 ma/inch2 on the
electrodes with the area ratios cited
above. The actual electrode area
ratios were 0.148:0.296 and 0.148:
0.592 inches 2
The circuit for each cell was
arranged to have a resistor in paral-
lel with an a-c condenser bypass. The
resistor had the same d-c resistance
as a d-c microammeter which was
periodically switched into the circuit
when the resistor was out of the cir-
cuit. The microammeter was used only
to indicate polarity of any d-c
component.
Table 13 gives weight loss data
and the corrosion rate. At the bottom
of Table 13 are two sets of check-test
data obtained for the 1:2 ratio for 4
and 8 weeks.
The data in Table 13 indicates
that the behavior of the cells with
the 1:2 electrode area ratio was en-
tirely inconsistent and erratic and
could not be verified by check tests.
The data for the cells with 1:4 elec-
trode area ratio are fairly consistent
and show consistently greater unit
TABLE 12. DATA FOR DIFFERENT ENVIRONMENT CELLS WITH CONSTANT 100 MA/IN 2 A-C ON STEEL ELECTRODES
Weight Loss mg
Soil Sand-Soil
Average
Loss mg
Average
Corrosion Rate
mg/day/in. 2
D-1 4 5.7 20 12.8 3.08
D-2 8 10.9 22.7 16.8 2.08
D-3 12 20.1 29.2 24.8 1.99
weight loss and corrosion rate for the
larger electrode area. The latter ob-
servation was also true for the 1:2
ratio cell which was operated for 12
weeks.
With respect to the polarity of
the d-c component of the cells with
different electrode areas, it should be
noted that initially all of the cells
showed cathode polarity for the elec-
trode with the smaller area. This
smaller area also had the higher cur-
rent density. For the tests with 1:4
area ratio, the electrode with the
smaller area was nearly always the
cathode throughout the test duration.
For the tests with 1:2 area ratio the
electrode with the smaller area was
the cathode for about half of the test
duration.
It is apparent, from the data
for different electrode areas, that ab-
normally high corrosion losses may
occur for either large or small elec-
trode areas. These losses also occur
when the electrode has either positive
or negative d-c polarity. Extensive
replication of the different area
and different environment tests would
be required to define average be-
havior. It would also be desirable
to operate some cells considerably
longer to determine the possibility
of ultimate approach to equilibrium
for the different electrode systems.
I. EFFECTS OF A-C ON CATHODIC PROTEC-
TION SYSTEMS
Since cathodic protection of
buried steel pipelines is carried out
in the field with either a sacrificial
or an inert anode and rectified cur-
rent, both methods were simulated for
laboratory tests. The two tests were
designated CP1 and CP2. CP1 was a
magnesium anode system and CP2 was a
graphite anode with a full wave recti-
fier. The general features of the
tests are shown in Figure 13. The
plastic containers used earlier for
gradient electrode tests were used to
contain the CP tests. The containers
are about 52 inches long. They were
filled with neutral soil as an electro-
lyte. At one end of the cell, two
steel A-electrodes were placed and
maintained at CD of 100 ma/inch2 of
a-c. The electrodes were spaced 1 inch
apart. The anode of the cathodic
Cell
No.
Test
Duration
Weeks
TABLE 13. DATA FOR CELLS WITH DIFFERENT STEEL ELECTRODE AREAS CONSTANT CURRENT SERIES
Area Ratio = 1:2. CD = 100:50 ma/in. 2
Weight Loss -mg
CD
ma/in. 2
Corrosion Rate in mg/day/in.2
(shown in parentheses)
4 weeks 8 weeks 12 weeks
21.4
(1. 73)C.R.
30.2
(2.42)C.R.
Area Ratio = 1:4. CD = 100:25 ma/in. 2
33.0
(2.66)C.R.
75.3
(6.07)C.R.
Check Tests for Area Ratio = 1:2
1.4
(0.17)C.R.
6.2
(0.19)C.R.
protection system was placed at the
other end of the cell approximately 48
inches from the steel electrodes (see
Figure 13).
In order to restrict cathodic
protection to only one of the steel
electrodes, d-c blocking condensers
were used. Regulation of the cathodic
protection current was made by varying
the resistance and was maintained at
between 40 and 50 microamperes. To
prevent a-c picked up by the auxiliary
anodes from affecting the meter, bypass
condensers were required across the
microammeter. Periodic inspection of
the two steel electrodes showed as
expected that one electrode was pro-
tected while the other was corroding.
The protective current on the basis of
1 x 10- 3 feet 2 of protected surface
was approximately 40 to 50 ma/foot 2
This is much greater than appears
88.1
(21.2)
23.6
(5.69)
27.4
(3.31)
25.4
(3.07)
6.1
(1.47)
19.1
(2.42)
6.5
(0.79)
42.3
(5.11)
11.3
(2.72)
7.6
(0.46)
m
necessary in practice.
The effects of the a-c on the
d-c of the cathodic protection system
(and vice-versa) were checked period-
ically by removing the a-c or d-c and
noting the effects on the other system.
In general, the existence of the
auxiliary anode of the cathodic pro-
tection system decreased the a-c path
resistance. Similarly, the presence
of 15 ma of a-c on the steel electrodes
increased the cathodic protection cur-
rent to the protected steel electrode.
Additional a-c to d-c relation-
ships were determined for the Mg anode
by placing it successively closer to
the steel electrodes. The data in
Table 14 shows the effects of the in-
creased a-c on the Mg occasioned by
changes in the offset distance from
the cathodically protected steel elec-
trode. The table shows that with
sufficient a-c density on the Mg anode
it is possible to change its d-c
potential with respect to the steel
electrode. At a distance of 6 inches
from the protected steel electrode the
Mg became the cathode and the steel
became the anode. This occurred when
between 16 and 20 ma of a-c was applied
to the steel electrodes. When the a-c
on the steel electrodes was raised to
30 ma, as shown in Table 14, the d-c
cathode current on the Mg was about
0.5 ma with 5 ma of a-c through the Mg
at the 6-inch offset.
The data in Table 15 shows that
cathodic protection can reduce a-c cor-
rosion to negligible values. However,
excessively high loss to the magnesium
anode is experienced when a-c is
present in the magnesium-steel circuit.
In the circuit used-for the CP tests,
blocking condensers were used on one
of the two steel electrodes. These
condensers were energized with a-c,
thus blocking the d-c protective cur-
rent from that one electrode. Table
15 shows that normal a-c corrosion
was experienced for the electrode with
the d-c block, but that the a-c was
partially shunted through the anodes
of CPI and CP2. The reversal of
potential in the Mg-Fe system of a
buried Mg anode in an a-c field became
an important consideration for its
application to cathodic protection
under a-c conditions. Therefore, a
separate investigation was initiated.
This is described in the next section.
J. A-C EFFECTS IN MG-FE SOIL CELL
Neutral soil saturated with de-
mineralized water was used as the elec-
trolyte for a dissimilar electrode cell
using Steel A as one electrode and mag-
nesium as the other electrode. Both
electrodes were arranged to have equal
contact areas with the soil and were
otherwise coated with tar-enamel. The
electrodes were fixed into a lucite
plate on top of the one-liter beaker
containing soil. The tip of one probe
connected to a saturated KC1 half-cell
(based on Hg-calomel) was placed
against the steel electrode; another
probe tip was placed against the mag-
nesium electrode. To prevent a-c
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TABLE 14. DATA FOR CATHODIC PROTECTION TESTS CP-1
Total
14.8
14.8
14.8
14.8
14.8
14.8
14.8
30
A-C
Milliamps
Steel
Elect.
14.4
14.1
13.1
12.5
14.3
14.2
25
Mg
Elect.
0.4
0.7
1.7
2.3
0.5
0.6
5.0
D-C
Microamps.
No With
AC AC
Polarity
of Mg
Negative
Negative
Negative
Negative
Negative
200
150
-- 500
Negative
Negative
Positive
* See Figure 20
from entering the L & N potentiometer
recorder, a 1500MF condenser was
placed across the half-cell and the
electrode. This condenser bypassed
a-c and blocked d-c. The a-c circuit
from the variac also contained a
d-c milliammeter with suitable
capacitance to keep a-c out of the d-c
meter.
Electrode potentials of the Fe
and Mg electrodes were recorded for
zero a-c, then for continuous operation
with a-c in stepped levels of 50, 100,
300, and 500 ma/inch . Daily recording
of potentials was made over a period of
nine days over the same range of a-c
level. During the interim between
daily potentials the cell was operated
2
at a 50 ma/inch a-c level. It was
not possible to record simultaneously
the potentials of both Fe and Mg; thus,
it was necessary to operate the re-
corder for one electrode potential,
then to open the circuit and connect
the other electrode circuit to the
recorder. The recording of any one
potential was continued until the
chart indicated arrival at, or near
approach to, a stable value. Then the
successive potential measurement was
made. It should especially be noted
that the d-c potentials recorded were
determined while a-c was present in
Duration
of Test-
Days
Offset
Inches
24
12
6
TABLE 15. RESULTS OF THE CATHODIC PROTECTION TESTS UNDER A-C CONDITIONS
Test CP - 1*
Test CP - 2**
CP Unprotected
Cell Electrode Electrode
CP-1
Corrosion Loss 4.2 mg. 15 mg.
(Weight Loss of Anode) 89.8 mg.
Corrosion Rate 0.49 mg/day/in. 1.76 mg/day/in.
CP-2
Corrosion Loss 3.5 mg. 14.2 mg.2  
1
Corrosion Rate 0.45 mg/day/in. 1.82 mg/day/in.
Two steel electrodes with a separation of 1 inch and active surface area of
0.148 inch 2 each. A constant current density of 100 ma./inch 2 was maintained.
A sacrificial anode of pure Mg was used to cathodically protect one steel elec-
trode. The test duration was 58 days.
** Two steel electrodes were arranged similarly to those in CP-1. A graphite
electrode was used with a full wave cathodic protection rectifier to supply 40-
50 ma./inch 2 cathodic protection current to one steel a-c electrode. The
graphite surface area was approximately 0.30 inch 2 . The test duration was 52
days.
the electrode and cell circuit.
Figure 14 gives the potential
(based on H = 0) of the Mg electrode
as a function of a-c density for a
number of runs over the nine days of
operation. It is seen that the intro-
duction of a-c occasionally provided a
more negative potential. However, with
increased a-c there was a rapid trend
to more positive values.
Figure 15 shows that the poten-
tial of Fe shifted to more positive
values immediately upon the introduction
of a-c. The slopes of the curves in
Figure 14 are more rapid than for Fe in
Figure 15. This leads to anticipating
the reversal of polarity of the bi-
metal cell with an increase in a-c.
In Figure 16 the effects of a-c on the
bi-metal cell are in evidence both for
potentials and for the level of the
d-c component as related to a-c density.
It should be noted that on dismantling
the cell after nine days of operation,
the Mg electrode had almost entirely
corroded away and the steel electrode
was severely corroded.
It is apparent from the data
for the Fe-Mg cell, that the introduc-
tion of a-c provided a rectified a-c
which opposed the d-c from Mg to Fe
upon which cathodic protection by
sacrificial anode is based. The first
evidence of this is seen in the more
positive potential assumed by the Fe
electrode when a-c is added. Increas-
ing a-c also increased the level of
the rectified a-c to the point of com-
plete polarity reversal of the d-c
milliammeter in the circuit. The
existence of the rectified a-c, pre-
sumedly due to the corrosion film on
Mg, has been verified by use of a
special circuit designed by Professor
R. R. Lombardi. This circuit estab-
lished a low a-c voltage at the oscil-
loscope; thus, the trace of the recti-
fied current could be seen. Lombardi's
circuit is shown in Figure 17. Figure
18 shows a reproduction of the oscillo-
scope trace for a-c reversal in a bi-
metal cell consisting of Mg and Pt
electrodes. Similar studies of bi-
metal cells of Fe and Pt gave no indi-
cation of any rectification under a-c
conditions.
K. POTENTIALS OF SIMILAR STEEL ELEC-
TRODES UNDER A-C
Data for L series tests (Section
II.D.) showed that presumably similar
steel electrodes could, under a-c,de-
velop a difference in d-c potentials
and thereby establish a galvanic cell.
Accordingly, a soil cell was set up with
steel electrodes with equal areas ex-
posed. Probes of calomel half-cells
were placed against each electrode in
order to measure the electrode poten-
tials over a long period of time and
as a function of the amount of a-c in
the circuit. A d-c microammeter was
placed in the circuit with a suitable
condenser bypass for a-c in order to
measure the d-c component. A large-
capacity condenser system was also em-
ployed to prevent a-c from entering
the L & N recorder used for electrode
potential measurement. The scheme of
operation was similar to that used for
the Fe-Mg system. Daily measurements
were initially made. Measurements
were made at longer intervals after
the first week. In the interval be-
tween readings, the cell was operated
with 7.5 ma or 50 ma/inch 2 . After
tests of the first cell were under
way, a similar cell was started in
order to assess the reproducibility
of the test data. Curves plotted for
the two tests showed that electrode
potential versus a-c density did not
reproduce either in detail or in
general. The first cell (Figure 19)
illustrates the initial consistent
trend of the two electrode potentials
with an increase in a-c density. The
two similar steel electrodes were dis-
tinguished from one another by the
designation N (north) and S (south).
They are shown in the curves of Figures
19 and 20. With increased duration of
cell operation, differences in elec-
trode potentials developed until (as
shown in Figure 19) one electrode had
a potential approximately 0.5 volts
more positive than the other with a-c
2
at 500 ma/inch . This was noticed at
the end of four weeks of operation.
The second cell, which had a
later start, did not develop any
large potential differences between
the electrodes; therefore, its data
are not shown. The d-c component in
the latter cell was practically zero
while in the first cell substantial
d-c was found in the circuit in spite
of high resistance.
The reason for the unequal per-
formance of two presumedly identical
cells is not obvious from the data.
The absence of instrumentation for
simultaneous observation of a-c and
d-c wave shape made it impossible to
determine whether the d-c component
was due to rectification on one or
both electrodes, or whether it was due
to an unequal corrosion rate. The
variation of the d-c component with
a-c and the test duration for the
first test is shown in Figure 20. The
only consistent data are shown in the
constant anode potential of one of the
steel electrodes after an initial
sequence of periodic reversal.
III. DISCUSSION OF THE DATA
The behavior of the gradient
electrode cells provided a valuable
initial insight into the complexity
and variability of possible a-c ef-
fects in the field. The existence in
the gradient cells of alternative a-c
paths through the soil and to various
electrode areas may be considered a
more realistic simulation of field
conditions than the non-gradient tests
which were made subsequently. However,
it was possible to obtain quantitative
relationships between current density,
test duration, and corrosion loss for
only the non-gradient tests because of
the relative simplicity of the cells
and their accomodation of control
specimens.
The complexity observed in the
behavior of the gradient electrodes,
and the data from the constant-voltage
test cells are considered to imply an
expectation of self-limiting corrosion
film thickness in a field having con-
stant voltage.
The gradient electrode tests
provided the initial indication of the
contribution of a-c to corrosion in
soil, the existence of a thermal effect,
and the presence of a d-c component in
the a-c circuit of variable polarity
when differential conditions of elec-
trode environment or surface existed.
Later tests, in non-gradient cells,
indicated other conditions for the
appearance of a d-c component. These
tests also established that a d-c
component could arise even when ap-
parently identical steel electrodes in
soil were energized with a-c.
The series of constant-current,
constant-ampere-hour tests (Series H,
I, J, and K) were operated over a peri-
od of 28 to 280 days to determine cor-
rosion losses of electrodes subject to
electrical and thermal effects of a-c
at various current densities from 50
to 500 ma/inch . The control specimens
were subject to the same soil and
thermal conditions as the electrodes
but were not energized with a-c. The
total effects of a-c in laboratory
tests are shown in Figure 2. These
effects show corrosion rates of Series
H to K electrodes. The curves of
Figure 2 should apply to a-c effects in
soils under conditions of temperature
rise comparable with those obtained in
the laboratory tests. It would also
be expected that the net corrosion
28
rates shown in Figure 5 would apply to
a-c effects under conditions where
temperature rise might be minor due to
the presence of a large heat sink. A
heat sink of this nature may be avail-
able on the surface of a buried pipe-
line for gas transmission under reported
conditions of 450 F. for pipe and gas.
It should be noted when compar-
ing the data in Figures 2 to 5 that the
corrosion rate of steel when energized
with 60 cycle a-c may be two to six
times the corrosion rate of the con-
trols. This depends upon the current
density of a-c and soil conditions.
This generalization applies to test
cells operated at constant current
which required increasing voltage
with test duration due to the resistive
component added to the circuit by the
corrosion films.
It is interesting to note that
at the 2nd International Congress on
Metallic Corrosion sponsored by the
National Association of Corrosion
Engineers, March 11-15, 1963, authors
of a Russian paper made an estimate of
the accelerating effect of a-c on soil
corrosion. A condensation of the paper
was published in Extended Abstracts.
In the paper the authors state that a-c
effects in their laboratory studies
show as much as ten times the natural
corrosion rate.
The total effects of a-c on cor-
rosion in Figure 2 (as related to soil
conditions for Series H to K) show
little difference between the electrodes
in neutral, pH5, or in the higher
resistance sand-soil (respectively,
Series H, I, and K). For Series J at
pH 9, however, the corrosion rate is
substantially less than for the other
series. The thermal effects on the
control specimens in Figure 3 appear
to be maximum for the acid soil and
the high resistance soil; Series I
and K respectively. One of the first
references to a thermal effect in a-c
corrosion was found in a German
paper,(6) in which the increase in
diffusion rate at the a-c electrodes
was ascribed to thermal effects.
Data from test cells of Series
H to K were obtained under conditions
which prevented a d-c component in
the circuit because of blocking con-
densers between the variac and the
cells. Where blocking condensers were
not used, and a d-c component could
exist, there was a tendency toward
unequal corrosion losses of the two
electrodes in a cell. However, whether
or not such inequality was experienced
seemed to depend upon the value of the
d-c resistance in the circuit. It
should be noted that unequal corrosion
losses were occasionally also experi-
enced in cells where the d-c component
was blocked by condensers. The unequal
corrosion loss of similar electrodes
in an a-c cell was also noted by F. 0.
Waters. (7)
When constant voltage was ap-
plied to the test cells, the current
density on the electrodes decreased
with time of operation. This was due
to corrosion film resistance. The
corrosion rates under constant voltage
for an initial current density of a-c,
compared with the constant-current
cells, are one-half to one-sixth the
corrosion rate for constant-current
cell electrodes.
Data from constant-voltage cells
confirm the expected decrease in a-c
corrosion rate resulting from the de-
creased a-c when corrosion films are
formed. The data also point up the
overriding effects the d-c component
may have when compared to a-c effects.
The effects of the d-c component may
vary with the d-c circuit resistance,
and the latter may vary in the field
independently of the a-c voltage. It
was noted that the d-c component may be
present under a-c conditions even when
the cell was composed of apparently
identical electrodes in an apparently
identical environment. The polarity of
the d-c usually alternated with time
from one electrode to the other. How-
ever, on other occasions it remained
continuously the same.
Consideration of the data from
2
a-c cells operated at 100 ma/inch , in
which the electrolyte was either shield-
ed from the atmosphere or given access
to air (Appendix D), showed that cor-
rosion loss was greater for electrodes
under air-shielding conditions. The
expected lower corrosion rate for
control specimens under air-shielding
as compared with air-access is in
accordance with the known behavior of
oxygen in accelerating corrosion. The
opposite effects of air-shielding on
the corrosion rate of electrodes re-
ceiving a-c does not appear to be
related to cathode depolarization.
Since the a-c electrodes are alter-
nately polarized as anode and as
cathode, there are many factors to
consider in attempting to assign a
cause for the greater a-c corrosion
rate where access of air was re-
stricted. It will be necessary to
search for the specific effects of
the alternate cathode and anode
polarization on the activity of the
electrodes and for the role played by
the possible decomposition of the
aqueous electrolyte under a-c condi-
tions. With sufficient voltage, both
hydrogen and oxygen could have been
present as decomposition products at
the a-c electrodes.
The data given in Table 6 show
that none of the metals tested (cop-
per, aluminum, lead, cast iron or
zinc) are immune to corrosion effects
of a-c in neutral soil. The espe-
cially severe effect of a-c on
aluminum corrosion parallels similar
experience with magnesium found later
in the program. The rapid deteriora-
tion of Al and Mg under a-c soil con-
ditions is undoubtedly associated with
corrosion films which have rectifier
characteristics and permit periodic
cathodic polarization of the electrode.
The rapid destruction of the elec-
trodes is also associated with the
ability of the soil to provide a phy-
sical barrier to diffusion from the
electrode of the hydroxide
resulting from cathodic polarization
due to rectification.
The data in Table 7 cannot be
considered as quantitatively precise
because too few tests were made. It
is significant, however, that coupling
copper with steel under a-c conditions
with a d-c component present has a
profound effect in accelerating the
corrosion of steel beyond the level of
similar coupling with no a-c present.
Data obtained for the effects of
a-c on a simulated cathodic protec-
tion installation indicates that
cathodic protection with permanent
anodes and rectified a-c can reduce
the corrosion losses of buried steel
energized with a-c. However the effec-
tiveness of sacrificial Mg anodes for
protection depends on- the a-c density.
The use of magnesium as a sacrificial
source of protection current may be
associated with decreased efficiency in
protection or increased anode consump-
tion when sufficient a-c is present.
The polarization data for Fe and Mg
show that with sufficient a-c on the
magnesium anode, the resulting potential
reversal of the cathodic protection
system could accelerate the corrosion
of the initially protected steel beyond
that to be expected in the absence of
any cathodic protection. At the same
time that the rectified current in-
duces anode polarization of the steel,
the cathodic polarization of the Mg
causes excessively high losses to the
Mg electrode.
The a-c corrosion tests in
various synthetic soils gave con-
siderable data that extended and
clarified the data obtained in tests
with Illinois soil. The apparent ef-
fectiveness of the bicarbonate ion in
promoting a-c corrosion of steel while
the natural corrosion of the controls
remained unchanged is especially note-
worthy. It would appear that a-c cor-
rosion tests made in synthetic solu-
tions as a means of assessing soil cor-
rosion tendencies may be worthless un-
less comparable carbonate or bicarbon-
ate concentration existed. The oppo-
site effects of air access or exclusion
on electrodes and controls as presented
in Appendix D may also be related to
differences in availability of the car-
bonate or bicarbonate. Exploration of
the possible relation would require ex-
tended research effort.
The data for a-c corrosion of
steel under differential environment
and electrode area conditions present
both confirmation of previous data and
refutation of expected behavior. The
anodic polarity of steel in soil as
compared with sand-soil and the anodic
polarity of steel with higher a-c den-
sity were both confirmed and refuted
from the behavior found earlier in the
gradient electrode tests. The unexpect-
ed behavior was that of a-c on elec-
trodes of steel which (under cathodic
polarization with respect to the d-c
component) corroded as much as or more
than the electrodes which were anodes
in the d-c circuit. There may be two
possible explanations: either the d-c
component is unimportant, or d-c
cathodic polarization stimulates the
a-c effect in accelerating natural
corrosion. The experience obtained
in the research, with respect to ob-
servation of the behavior of cells with
d-c present between ostensibly alike
electrodes and environment, leads to
the general statement that the effect
of a-c on the d-c circuit is not uni-
form. On occasion, the introduction
of a-c to cells of the above descrip-
tion was observed to increase or de-
crease the d-c or to cause a reversal
of potential. One reference(8) in-
dicated that a-c, in general, increased
the level of the d-c component while
(9)another reference indicated opposite
effects of a-c depending upon whether
the anions present were Cl or SO4 .
The most thorough previous re-
port on the quantitative aspects of
a-c corrosion were found in Fuchs,
Steinrath and Ternes. (10) The curve
of Figure 21 reproduces part of their
data which relates corrosion rate to
the log of current density (of 50
cycles per second) for steel electrodes
in aqueous electrolyte. In preparing
Figure 21 the data given in Fuchs et
al. were recalculated to conform with
the units of measurements used in the
present report, i.e., corrosion rate
as mg/inch 2/day and current density as
ma/inch 2 . The a-c tests from which
the data were obtained were made at
four different current densities:
0.65, 6.5, 65 and 645 ma/inch 2. The
current-time rating of each cell was
constant at 100 amp-min. The respec-
tive test duration of the above cells
was approximately: 28 days, 3 days,
7 hours, and 1 hour. The solutions
which supplied the electrolyte for
the tests were not uniform for the
test series. They were as follows; at
current densities of 0.65 ma/inch 2
Na 2SO4 or NaCl at a concentration of
0.0025 N, for the higher current den-
sities NaCI was used at concentrations
of. 0.025 N to 0.25 N. The electrolytes
were made with distilled water which
was boiled under nitrogen. An oil
layer was placed on top of the cell's
electrolyte to exclude air. The
authors state that efforts were made
to eliminate, if possible, the effects
of temperature and motion of the elec-
trolyte. However, the methods used
are not clarified in the paper.
The a-c corrosion rates found
by Fuchs, et al. are abnormally high
compared with those reported in the
various tables given in this bulletin.
The net corrosion rates of the H series
tests, which are given in Table 2,
are plotted in Figure 21. The main
cause of the discrepancy may be the
extremely short test durations used by
the authors for their tests at higher
current densities. The initial rate of
steel corrosion is ordinarily dispro-
portionally high compared with a more
or less steady state after the corro-
sion film has formed. The corrosion
rate obtained with a short test period,
therefore, reflects the high initial
corrosion rate rather than the lower
quasi-steady rate which is of impor-
tance to the engineer.
The authors principal research
interest was to determine the lowest
tolerance level for a-c corrosion with
respect to current density and fre-
quency of alternation. They consider
corrosion resulting from a stray d-c
of 0.048 ma/inch2 the limit of prac-
tical tolerance. Their data show that
at 50 cycles per second, an alternat-
ing current of 26 ma/inch2 would be
safe on their basis of tolerance and
at an a-c density of 0.65 ma/inch 2
the frequency would have to decrease
to 0.05 cycles per second to raise the
corrosion loss above the tolerance
level. It is of interest to note that
the curves of Figure 5 for the net
corrosion rate of Series H, I, J and
K tests show a trend to a zero corro-
sion rate value at about 25 to 60
ma/inch . The significance of the
zero value in Figure 5 is that the
natural corrosion rate is the same as
that of the a-c energized steel at
this point.
IV. CNCLLUSIONS
(1) The laboratory controlled tests
made to determine the effects of 60
cycle alternating current on the soil
corrosion of steel show that accelera-
tion of the corrosion rate occurred
for all soil conditions and for both
constant-current and constant-voltage
operation. The increased corrosion
rate under a-c conditions was found
to occur regardless of the existence of
a d-c component in the circuit.
(2) Part of the effect of a-c in ac-
celerating the corrosion rate of
steel in the laboratory tests was the
thermal activation of the corrosion
reaction, which resulted from the
rise in temperature of the soil cells.
This bulletin considers a net corro-
sion rate as a probable statement of
corrosion rate due to a-c in the pres-
ence of a heat sink which could pre-
vent the temperature from rising. The
net corrosion data are also considered
as a statement of the purely elec-
trical effects of a-c on the corrosion
rate. The highest net corrosion rate
for constant current and constant am-
pere-hours was that for neutral soil
at a current density of 500 ma/inch2
and was approximately 21 mils penetra-
tion per year. The effects of a-c
were substantially less severe in the
alkaline soil of Series J. The effects
are equivalent to about 9 mils per
year at 500 ma/inch2
(3) The soil corrosion rate of steel
varied with the current density and
ampere-hours of a-c operation. The
corrosion rate was greater for con-
stant a-c than for constant a-c vol-
tage. This was because of the de-
creasing current density while operat-
ing under constant voltage. There-
fore, it is improbable that the
laboratory data can be interpreted
directly into expectation in the
field since field conditions are un-
likely to be under either constant
current or constant voltage.
(4) The data obtained from two series
of constant-voltage tests at initial
a-c density from 50 to 500 ma/inch2
(shown in Figure 9) indicate that the
resistance to a d-c component in the
circuit may have an overriding effect
on the corrosion behavior and may over-
shadow the influence of a-c density on
the corrosion rate. Therefore, it
would appear that field estimation of
corrosion attributable to a-c could
not be made by measuring current density
of a-c without also assessing the
potential d-c circuit.
(5) The data for the 100 ma/inch a-c
cells under constant-current and under
constant-voltage conditions (which ap-
pear in Appendix D, Tables 18, 19 and
20) show that where access of air to
the steel electrodes was restricted,
the corrosion loss was greater than
for the opposite case. The situation
of a pipeline in the field is comparable
with tests made with restriction of air
to the soil environment of electrodes.
The higher a-c effects on corrosion
should be expected to prevail in the
field. At present, no reason can be
assigned for the higher corrosion rate
when air access is restricted.
(6) The data from tests made in syn-
thetic soils show that the accelerating
effect of a-c on soil corrosion of steel
may be due to one or more chemical,
bacteriological, or oxidative constit-
uents of natural soil. Specifically,
the absence of bicarbonate ion from the
cell electrolyte was found to reduce
to almost nil the effect of a-c on
corrosion of steel.
Although the above conclusion
may appear to have only academic sig-
nificance, due to the unavoidable
presence of carbonate compounds in
soils, it may possibly serve as a basis
for modification of soil characteristics
in an effort to mitigate a-c effects on
corrosion of buried pipe.
(7) From observation of a large num-
ber of a-c soil corrosion cells a
general statement as to existence of
a d-c component in the a-c circuit
may be made as follows: wherever dis-
similarity occurs in the cell elements
with respect to environment, surface
condition, or electrode material, the
resulting galvanic cell is modified in
behavior in accordance with the amount
of a-c superimposed on the d-c circuit
The resulting modification may take a
number of forms. Listed from experi-
mental observation, they are:
a. increase in d-c component
of same polarity as initial-
ly when a-c is zero
b. decrease in d-c component
with initial polarity
c. Reversal of polarity of
.d-c component
d. periodic reversal of polar-
ity
e. reduction of d-c component
to zero with extended test
duration
f. increase in d-c component
with extended test duration.
(8) The accelerating effect of a-c on
the corrosion of buried metals other
than steel may be considerably greater
than that for steel. The especially
high corrosion rate with a-c of buried
Al, Mg, and Zn are noteworthy.
(9) Limited data obtained on bi-metal
cells usually found underground (i.e.,
steel coupled with copper or cast iron)
showed that the accelerating effect of
a-c on the steel may be increased by
coupling.
(10) The data from tests of simulated
cathodic protection in an a-c field
have indicated that a cathodic protec-
tion system based on permanent anodes
can be effectively and reliably em-
ployed to reduce corrosion loss of
buried steel energized with a-c. The
use of magnesium as a sacrificial
source of protective current, has been
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shown to vary in protective capability
as a function of the a-c activity on
the magnesium anode. Potential rever-
sal of the initial protective system
may be a consequence of high a-c den-
sity and accompanying rectification;
it may cause severe damage to the
system it is expected to protect.
V. RECOýMENDATIONS
The laboratory data have indi-
cated that induced a-c on buried steel
pipe may accelerate the natural cor-
rosion expected. From the data ob-
tained, the level of such accelerated
corrosion appears to depend upon the
current density of the a-c and upon
the d-c component in the circuit result-
ing from a-c activity.
Field determination of the con-
tribution of a-c to the corrosion of a
buried metal system must of necessity
start with measurement of the a-c
available. The current density on the
buried structure is dependent on a
large number of factors such as:
1. Total a-c
2. Quality of coating and extent
of deterioration with time
3. Resistive component of cor-
rosion film at holidays
4. Soil resistance, pH, and
texture.
Therefore, it is recommended that
field investigation include measure-
ments of a-c current and voltage dis-
tribution through the soil, pipe coat-
ing, and along the pipe. The average
a-c density on the pipe may then be
calculable from statistical estimation
of the extent of coating deterioration.
It is also recommended that
measurement of the d-c component be
made simultaneously by suitable d-c
instruments protected from a-c
superposition. It may be necessary
to periodically remove or nullify the
a-c in the circuit in order to define
the influence of a-c on the d-c com-
ponent. It is recommended, where
cathodic protection installation on
buried pipe exists, that a-c and d-c
component measurements be repeated for
the circuit with the cathodic protec-
tion system shut down temporarily. It
is also recommended that current
measurement of a-c, d-c, and a-c vol-
tage be made over 24-hour intervals
for a number of days to determine the
constancy of the levels found. Meter-
ing arrangements for d-c should permit
changes in polarity to be recorded.
It would be desirable to obtain
comparative field data for the life
and current output of magnesium anodes
in regions with high and low a-c den-
sity available to the sacrificed Mg of
cathodic protection installations.
With respect to the laboratory data,
it is obvious that much work remains
to be done to clarify the effects of
a-c on buried steel. The fundamental
relationship of the a-c induced d-c
component in the corrosion cell should
be investigated in order to separate
the individual contributions of a-c
and d-c to the corrosion loss. Although
no evidence of rectification was found
in a-c corrosion of steel (with the
methods and circuits employed for this
investigation) it is recommended that
studies be extended to corrosion films
on steels under a variety of service
related conditions. It is also recom-
mended that these studies be made with
the most advanced instrumentation and
circuitry in order to separate the ex-
pected low voltage d-c wave from the
a-c in the circuit. Some researchers
have suggested the use of probes
which could penetrate to pipeline
depth to sample the average available
a-c density.
As a final recommendation,
tests with synthetic soils should be
extended in order to identify cations
and anions in soils which may be in-
nocuous or significant in a-c corro-
sion. Both cations and anions may
have maximum effects in causing a-c
acceleration of natural corrosion
rates.
VI. APPENDICES
A. METALS USED FOR ELECTRODES
The steel electrodes used in a-c
cells were obtained from a stock of hot
rolled API, grade A, steel pipe avail-
able in the laboratory from a previous
investigation. The stock consisted of
2 3/8-inch and six-inch OD pipe with a
respective wall thickness of 0.150 and
0.280 inch. The chemical analysis
and mechanical properties of the 2 3/8-
inch pipe are given below and are
similar to those of the larger pipe.
Element C Mn P
per cent 0.17 0.40 0.009
S
0.003
Yield Point
38,000 p.s.i.
Tensile Strength
60,300 p.s.i.
Elongation in 2 in.
57%
The 2 3/8-inch OD pipe was used
as a source of specimens. These speci-
mens were 0.125 inch in diameter and
2.5 inches long. The specimens were
made by longitudinally cutting the pipe
wall and turning to the finish diameter
on a lathe. The specimens were used as
electrodes, or controls, in beaker
tests. The pipe of larger diameter
and wall thickness was used as a source
of specimens for gradient electrode
cells. The thick wall made it pos-
sible to lathe-turn electrodes 12
inches long and 0.266 inch in diameter
for the gradient cell electrodes. The
other metals from which electrodes
were made are described as follows:
Aluminum - Electrical conduc-
tivity grade, swaged to 1/8
inch diameter from 5/8 inch
round and given a softening
anneal.
Zinc - Commercial purity grade,
for primary battery cup manu-
facture.
Copper - OFHC grade cold drawn
to 1/8 inch diameter and given
a softening anneal.
Magnesium - 99.9% purity swaged
to 1/8 inch diameter.
Cast Iron - of unknown analysis
taken from the wall of a 2 inch
soil pipe and machined to 1/8
inch.
Lead - of unknown analysis from
remelted cable sheath alloy and
swaged to 1/8 inch round.
B. SOIL USED AS ELECTROLYTE IN A-C
CELLS
A supply of Illinois soil was
available in the laboratory from a
previous investigation of cathodic
protection problems. The soil supply
was obtained from suburban areas of
Champaign County by personnel of the
Illinois Power Company. It was removed
at pipeline depth. When saturated with
demineralized water of 7.0 pH the soil
solution usually had a pH between 7
and 8.
An analysis of the soil solution
obtained by repeated leaching of a soil
sample with demineralized water having
a resistivity of 2x106 ohm/cm or
greater was made as follows:
Soil sample - 1116.7 gms (taken
after drying 24 hours at 1100C)
Leaching - Five separate periods
of 48 hours with 18 liters of
demineralized water and one
leaching with 1200 ml for a
total of 10,200 ml
Extract Processing - Water was
removed by means of vacuum dis-
tillation and final water re-
moval from solids was accom-
plished by drying at 1100C for
24 hours.
Total Weight of Solids - 1.9647
grams representing about 0.2%
of the weight of soil sample
taken.
The sample of solids from the
soil solution extract was sent to Dr.
T. E. Larson, Head of the Chemistry
Section of the Illinois State Water
Survey for analysis. A report of that
analysis follows:
Loss on ignition at 1000°C = 54%.
1.0038 gm of the sample was dissolved
in 2 liters of double distilled water
with CO2 passed through solution for
two days. 0.1043 gm remained undis-
solved. The insoluble material was
found to have 49% SiO 2 and 10% Al 203
No further analysis was made.
The dissolved material was then
calculated to be
1.0038 - 0.104323- = 445 mg/liter (p.p.m.)
The residue on drying at 1050C was
found to be 444 mg/liter. The organic
material plus CO2 , determined by the
ignition above, was 54%. Therefore,
the mineral matter, less CO2, was
0.46x445 = 205 mg/liter.
The determined alkalinity was 140
mg/liter. This represents
(44/100) x 140 = 61.5 mg/liter CO 2 .
Therefore, the dissolved mineral matter
should have been 61.5 + 205 = 266 mg/
liter.
The sum of the mineral determined was
257 mg/liter.
The accompanying mineral analy-
sis represents the soluble minerals
which were determined. Hypothetical
combinations suggest these to be
primarily CaCO 3 with MgSO and MgCO3
with some undissolved silicates. The
primary combinations might also be
derived from calcite, dolomite, gypsum
and clay.
Soluble mineral analysis in
milligram equivalents per 100 grams of
soil:
Fe (total) 0.32, Mn 0.36, Ca 16.9,
Mg 5.5, SiO2 16.6 + 3.64, F 0.65,
B 0.76, Cl 0.72, NO3 0.5, SO4 9.6
Alkalinity (as CaCO 3) 50.4, Al203 7.28
and Na 9.7.
A number of resistivity tests
were made in a Miller Soil Conductivity
Cell and an average value of 2000 ohm-
centimeters was found for the Illinois
soil when saturated with demineralized
water having 2x106 ohm-centimeters
resistance.
C. GRADIENT ELECTRODE CELLS
A number of gradient electrode
cells were operated to explore a
variety of conditions which might be
met in the field. Only three of the
gradient tests are described in this
bulletin. The three chosen are con-
sidered to have provided the most sig-
nificant data and will be described
under the headings (1) Segmented
Gradient Electrode, (2) Gradient Cell
GBE-1, and (3) Gradient Cell GBE-2.
1. Segmented Gradient Electrode: The
cell consisted of two gradient elec-
trodes. One was continuous and the
other was segmented. The segmented
electrode (shown in Figure 23) consist-
ed of segments of Steel A electrode
bolted together with nylon screws and
insulated from each other with a num-
ber of 0.005 inch thick mylar washers.
The nylon screws were used as studs to
provide butt-joined segments. The
segments were provided with 0.10 inch
wide surface-ground areas which were
aligned to give a continuously alike-
oriented electrode surface 10 inches
long. Lead wires of nylon covered
copper wire were soldered to the side
surfaces of the segments before ap-
plying a coating of Tarset over the
entire assembly for complete dielec-
tric isolation. The Tarset coating
was then removed from the 10 inch
length of 0.10 inch wide electrode
surface. The segmented electrode
consisted of four 1/2-inch-long sec-
tions at one end, (high a-c density)
followed by four 1-inch-long sections
then two 2 inches long.
The segmented electrode was
placed in a soil cell with a solid
and continuous steel electrode. The
first 1/2-inch-long section of the
segmented electrode was arranged to
have a separation of 1/8 inch from the
solid electrode. The latter also had
an electrode surface measuring 0.10
inch wide by 10 inches long.
Each lead wire of the ten sec-
tions of the segmented electrode was
connected to its own fixed resistance
of 1000 ohms; then the circuits were
completed with a soldered connection
to a continuous bar of Steel A. The
soldered connections on the steel
bar were spaced in such a way that
each segment of the electrode had as
much steel bar resistance as if it
were part of a continuous electrode.
Figure 23 illustrates the cell circuit.
The current distribution in the various
segments was determined by measuring
the IR drop across each of the fixed
resistances and converting the reading
to r.m.s. current. Figure 24 shows the
initial data for IR drops corresponding
to total cell current of 44 ma. The
cell was continuously operated for 14
days with 44 ma. Figure 25 shows the
rise in temperature for the segmented
and the continuous electrodes over
that of the room for a period of opera-
tion close to the termination of the
14-day test run. Daily observations
were made of temperatures and of cur-
rent distribution in the segmented
electrode. Figure 26 shows a portion
of the data plotted as current density
versus distance along the electrode.
The curves in Figure 26 show the
changes which occurred with duration
of cell operation. The initial dis-
tribution is shown to follow the dis-
tance relationship while progressive
changes occur after 2, 4, 7, and 13
days of operation. The greatest change
occurred in the first of the four 1/2 -
inch-long segments. This segment is
presumed to have first developed a
corrosion film and increased resistance
which shifted the most favorable current
path to the other segments, whereupon
corrosion ensued on their electrode
surfaces. Figure 27 gives an overall
view of the chronological changes in
current distribution among the four 1/2-
inch-long segments. It is apparent that
the corrosion films formed on the three
more remote 1/2-inch-long segments had
permitted the current to again concen-
trate at the first segment after 2 or
more days of operation.
2. Gradient Cell GBE-1: The second
gradient cell, designated GBE-1, con-
sisted of two solid electrodes with a
10 inch length and a 0.10 inch wide
electrode area. One electrode was
placed in soil, the other in a 50-50%
(by weight) sand-soil mixture to pro-
vide a bi-environment, gradient elec-
trode cell. The sand-soil mixture
provided an electrolyte of looser
texture, greater oxygen availability,
and higher resistivity. This resis-
tivity, about 4,400 ohm-centimeters,
was higher than the water-saturated
soil alone. A d-c microammeter, with
a two-condenser (back to back) a-c
bypass for the 44 ma cell current, was
placed in the circuit. The cell was
operated for 40 days with periodic
observation of cell a-c voltage, tem-
perature at the center of the cell,
direct current, and polarity of the
d-c with reference to the soil side.
Table 16 gives a portion of this data
and Figure 28 shows the periodic
changes in polarity and d-c experi-
enced in the operation of this cell.
Upon removing the electrodes
from the cell it was noted that both
had practically the same continuous
corrosion pattern. The corrosion
film on the soil electrode extended
5 inches from the high current end
and 5 1/4 inches from the soil-sand
electrode. The electrode surfaces
were cleaned by cathodic polarization
in 5% H2SO4 at a current density of
2
about 500 ma/inch . After cleaning
they were calipered to determine cor-
rosion loss. The electrode in sand-
soil appeared to have lost 2/10 x 10- 3
inches at the high current end. How-
ever, since this was less than the
TABLE 16
Data for the Periodic Observations of Gradient Cell GBE-1
Time in Days A-C Voltage D-C in ,a Temperature in °C
0
0 + 1 hour
1
2
5
6
6.5
7
9
13
14
16
19
21
23
26
30
33
-3
+9
-4
-9
-11
-2
+9
-11
+20
-25
-10
+6
-10
+10
0
+14
-22
-2
+ and - on d-c indicate the polarity of the soil.
All d-c readings taken with 44 ma a-c in parallel
44 ma a-c maintained in circuit.
Electrolyte: soil - soil-sand.
circuit.
tolerance in preparation it is con-
sidered not a significant value. The
soil electrode had a loss of 7/10 x
10- 3 inch at the end and 4/10 x 10-3
inch in the first half-inch; thus, it
appears probable that the end of the
electrode in soil was more deeply cor-
roded than was the one in sand-soil
mixture.
3. Gradient Cell GBE-2: The third
gradient electrode cell was designated
GBE-2 and represented a bi-electrode,
bi-environment cell with limited seg-
mentation. Figure 29 illustrates the
disposition of the electrodes used and
the circuitry required to determine a-c
and d-c in the various branches. As
shown in Figure 29, four different
27.4
27.4
29.3
30.2
29.2
30.1
30.5
30.5
32.6
32.4
31.2
32.0
31.5
31.7
31.5
31.3
TABLE 17
Data for Periodic Observations of Gradient Cell GBE-2
A-C (ma)
in Position
D-C (Ma)
in Position
Polarity Anode
in Position
in Days Voltage #1 #2 #3 #1 #2 #3 #1 #2 #3
3 59 44 22 7 7 39 92 soil B A'
5 57 44 18 11 13 9 16 soil B A'
7 61 44 16.5 9.5 2 11 18 soil B A'
10 63 44 9 1 3 11 10 soil sand B A'
12 57 44 15.5 4 15 39 6 soil sand B A'
13 65 44 10 2 8 5 1 soil sand B A'
14 65 44 14.5 2 1 13 98 soil B A'
17 77 44 13 5 6 14 5 soil sand B A'
#1, 2, and 3 refer to those noted in diagram of cell circuit. See
gradient electrodes were used. They
are labeled A, B, A', B'. Electrodes
A and B had a corrosion film from
previous burial in soil under a-c con-
ditions. Electrodes A' and BI were in
soil. A spacing of 1/8 inch was used
between A and A' and also between A,
B, and A', B'. Electrode A and A'
had an electrode surface 0.10 inch
wide by 1 inch long. The electrode
surfaces for B and B' were 0.10 inches
wide and 10 inches long.
Periodic observations were made
at approximately the same time of day
to determine a-c, d-c, and polarity in
the various branches of the circuit.
A current of 44 ma a-c was used in the
cell which operated 17 days. The data
are given in Table 17 and show that
polarity change was experienced between
the soil and soil-sand cell environment.
It is notable, however, that no
polarity change was observed between A-B
and between A'-B'. Furthermore, segment
A was always cathodic to B and segment
A' always anodic to B'. The corrosion
loss of segment A' was so slight that
it was not measurable with micrometer
calipers after cathodically derusting.
In spite of the constant anode con-
dition of segment A', the B' electrode
had a continuous corrosion film up to
1 1/2 inches from the end of the high-
est a-c density.
In summary, it was evident that
a-c distribution on the electrode sur-
face is highly variable and probably
Time A-C
Positions
Figure 29
related to the relative resistance of
the corrosion films and alternative
current paths through the soil electro-
lyte. In view of variable current den-
sity it would be difficult to establish
a quantitative relationship between
corrosion rate, position in the gradi-
ent electrode, and a-c density. Fur-
thermore, the difficulty of measuring
corrosion loss on controls not ener-
gized with a-c militated against fur-
ther use of the gradient cell. The
gradient cell tests have, however,
provided valuable information as to
the complexity of a-c corrosion, par-
ticularly as it may exist in the field.
In relation to field conditions the
laboratory-operated cells may be con-
sidered unrealistic in that constant-
current operation is assured through
increase in cell voltage, whereas in
the field the resistive component of
the corrosion film could cause a de-
crease in current density and shift
electrode activity to other areas of
the metal system. It would, therefore,
appear that available voltage in the
field may be the most important vari-
able in a-c corrosion.
Additional factors in summariz-
ing the gradient electrode cell tests
are the observation of an environmental
temperature rise proportional to the
current density of the electrode area
concerned, and the existence of a d-c
component which varied periodically
with respect to polarity and intensity.
The discovery of a substantial thermal
effect with a-c on steel electrodes
in soil raised the question, "What
part or portion of the a-c corrosion
of steel observed in the gradient
electrode tests was to be attributed
to the thermal activation of natural
soil corrosion due to the rise in
temperature of the soil electrolyte?"
An answer was sought by means of con-
stant-current cell tests so arranged
as to evaluate the thermal contribu-
tion. This is detailed in section IIB.
D. CONSTANT-CURRENT AND CONSTANT-
VOLTAGE TESTS OF STEEL WITH VAR-
IABLE ACCESS OF AIR
A new series of tests (Series
S) was made at a constant current of
100 ma/inch 2 and another series, also
Series S, at a constant voltage re-
quired for an initial current density
of 100 ma/inch . This lower current
density had been shown earlier to
have an insignificant thermal effect.
This was the basis for its choice.
All of the tests were made in neutral
soil and were operated in triplicate.
One of the cells of a series was dis-
mantled at the end of 4, 8, and 12
weeks of operation in order to provide
data on the change of corrosion rate
with time of operation. The effects
of both blocking and permitting the
existence of a d-c component in the
circuit were determined by suitable
experimental conditions for both
constant-current and constant-voltage
tests.
Another variable introduced
into the test series was the access
and restriction of atmospheric air to
the soil electrolyte during the test.
Previously in Series H to K, access of
air to the surface of the soil elec-
trolyte in the one-liter beakers had
not been restricted. Restricting ac-
cess of air by means of a paraffin oil
layer on top of the soil electrolyte
was an attempt to simulate field con-
ditions for gas transmission pipe
buried deeply in a tight soil.
The cell design was modified
for Series S tests from that shown in
Figure 1 to the design shown in Figure
10. The modification was called a
"buried electrode cell." The modifica-
tion made it easier to exclude air from
the cell by means of the paraffin oil
layer. All Series S tests were made
with this modified cell.
The milligram weight loss data
for Series S tests are given in Table
18. The individual electrode and
control data are also given in the
table. The average corrosion rate
data in mg/inch 2/day are given in
Table 19. It should be noted that
Series S1 and S2 are duplicated tests
as are S4 and S5. The reproducibility
of the data is also shown for the four-
week tests of Series S6 for which two
duplicate tests provided weight loss
data for four electrodes. Occasional-
ly poor reproducibility of corrosion
loss of duplicate electrodes in the same
cell is shown in Table 18 for Series
S3 at eight weeks; S2 at 12 weeks; and
S5 for 8 and 12 weeks. Generally,
however, there is little deviation
from the average value.
The effects of the variables
in the Series S tests are most easily
seen from the data given in Table 19.
The restricted access of air to Series
Sl, S2, and S3 cells for the constant-
current tests compared with the simi-
lar cells (Series S4 and S5 not having
the oil layer) shows the latter to
have a generally lower corrosion loss
for the electrodes but a greater loss
for the controls in Series S4. For the
constant-voltage tests, the restriction
of air access in Series S6 and S8 cells
(compared with Series S7 with air ac-
cess) does not show the increase in
electrode loss with the oil layer as
in the constant-current cells. The
controls of Series S8 cells, however,
show the lower corrosion loss for re-
stricted access of air as in the con-
stant-current tests. The effects of
blocking the d-c component from the
circuit in Series Sl, S2, S6 and S7
do not show a clearly defined contrast
with Series S3, S4, S5 and S8 cells
which were permitted to have a d-c com-
ponent. The constant-voltage cells
(in Table 19) have a generally lower
electrode corrosion rate than the con-
stant-current cells. However, the
lower corrosion rates of Series S4 and
S5 constant-current cells operating
with access of air, approach the values
for the constant-voltage cells.
The Series S tests were
TABLE 18. WEIGHT LOSS DATA FOR SERIES S TFSTS
Constant-Current and Constant-V,'tag T bts
Series Sl,
Series S6,
Series Sl,
Series Sl,
cover.
S3, S4 and S5 operated at constant 100 ma/inch2 of A.C.
and S8 operated at constant voltage for initial 100 ma/inch 2
S6, and S7 had D.C. component of current blocked from circuit.
S3, S6 and S8 had access of air prevented by paraffin oil
Constant-Current Tests
Cell Duration
Series
4 weeks
Mg. Loss Ave.
8 weeks
Mg. Loss Ave.
12 weeks
Mg. Los s
Sl electrodes
Controls
S2 electrodes
Controls
S3 electrodes
S4 electrodes
Controls
55 electrodes
Constant-Voltage Tests
56 electrodes
57 electrodes
S8 electrodes
Controls
Ave.
28.7
36.3
0.8
0.2
32.3
29.6
26.1
26.0
16.1
5.9
0.9
10.2
7.0
2.3
32.5
0.5
30.9
26.0
11.0
5.6
4.6
34.7
33.1
1.2
0.7
37.9
41.3
1.4
1.4
31.9
90.8
21.3
16.8
5.6
8.2
53.5
6.6
33.9
1.0
39.6
1.4
61.4
19.1
6.9
30.1
38.9
40.9
1.2
0.7
44.5
60.1
1.4
1.1
39.6
32.7
23.8
22.5
8.2
12.9
39.0
9.9
39.8
1.0
52.3
1.2
36.2
23.2
10.6
24.4
21.7
24.9
22.8
26.1
22.9
24.8
9.1
11.1
1.2
0.9
23.9
23.8
10.1
1.0
20.3
19.4
23.0
19.6
25.0
10.6
1.3
1.1
19.8
21.3
17.8
1.2
18.5
17.8
20.2
20.7
8.0
14.7
1.4
1.5
18.1
20.4
11.3
1.5
TABLE 19. CORROSION RATE DATA FOR SERIES S TESTS
Series Sl, S2, S3, S4, and S5 operated at constant 100 ma/inch 2 of a.c.
Series S6, S7, and S8 operated at constant voltage for initial 100 ma/inch 2
Series Sl, S4, S6, and S7 had d.c. component blocked from circuit.
Series Sl, S2, S3, S6 and S7 had access of air prevented with paraffin oil
cover.
Constant-Current Tests - Average
Mg./In.2/Day
Corrosion Rate in
Test Duration Series
Sl electrodes
Controls
S2 electrodes
S3 electrodes
Controls
S4 electrodes
Controls
S5 electrodes
Constant-Voltage Tests - Average Corrosion Rate in
Mg./In.2/Day
S6 electrodes
S7 electrodes
58 electrodes
Controls
scheduled for repetition in part, in
order to attempt to resolve some of the
uncertainty regarding the effects of
restricting access of air to the cell
electrolyte and the effects of the d-c
component. Accordingly, all of the
cells of the repeat series (designated
Series DA) were arranged to operate
with the buried electrode system
(shown in Figure 10) in an electrolyte
of deaerated soil saturated with de-
ionized water which was immediately
covered with a layer of paraffin oil.
The deaeration of soil and water was
accomplished by installing the beaker
assembly of electrodes, control and
dry soil, in a vacuum desiccator con-
nected to a mechanical vacuum pump.
8 weeks 12 weeks4 weeks
7.8
0.12
7.5
6.3
0.29
2.7
1.4
4.1
0.12
4.8
7.5
0.17
2.3
0.84
3.1
0.008
4.2
2.9
0.10
1.9
0.85
2.0
5.8
5.8
2.4
0.24
2.4
2.6
2.2
0.15
1.5
1.7
0.92
0.12
A reduced pressure of 1 mm of Hg was
maintained for about 30 minutes; then
deionized water was added while
maintaining a low pressure nearly
equivalent to that of water vapor at
room temperature. The DA series were
operated in triplicate with one of
each type of cell for 4, 8, or 12
weeks.
The data for test series DA are
given in Table 20. In general, the
data confirm the higher electrode cor-
rosion rate found earlier for the S
series cells operated with restricted
access of air. There was also a trend
to a higher corrosion rate when the d-c
component was not blocked. The corro-
sion rate for the constant-voltage
tests was about half that for the con-
stant-current tests.
The data in Tables 18 and 20
for the cells operated at a constant
current of 100 ma/inch 2 (series Sl to
S5) are plotted in Figure 22. The
average weight loss in milligrams is
plotted as ordinate versus ampere-
hours per square inch of electrode
area as abscissa for test durations
of 4, 8, and 12 weeks. The solid
lines are for the data from Table 18
and the dashed lines from Table 20.
The lowest curves in Figure 22 are for
the only two cells (S4 and S5) for
which air was not restricted by means
of the paraffin oil layer. Comparison
is also made of the earlier test data
point in Table 3 for the H 3 cell oper-
2
ated at 100 ma/inch for 336 ampere-
hours per square inch with similar
access of air to the neutral soil of
the cell.
For the most part, Figure 22
appears to show a linear relation be-
tween corrosion loss and ampere-hours
per square inch. For the two series
of tests which were duplicated to
provide checks on reproducibility of
the data (series Sl, S2, S4, and S5)
there appear to be some areas of ex-
tremely poor reproducibility. The
wide spread in the data for S5 at 8
and 12 weeks is especially noteworthy.
However, the curves show that
the cells in which air was not re-
stricted have the lowest corrosion
loss. For the presumedly more
thoroughly deaerated series DAl and
DA2 cells the effects of air restric-
tion are less pronounced than for
the Sl, S2 and S3 cells.
TABLE 20. WEIGHT LOSS AND CORROSION RATE DATA FOR SERIES DA TESTS
(Deaerated Soil Cells with Restricted Access of Air)
100 ma/in. constant
Duration of Test
a-c current
4 weeks
maintained; d-c component
8 weeks
in circuit
12 weeks
Mg. Loss Ave. Mg. Loss Ave. Mg. Loss Ave.
DA 1 electrodes 32.5 29 2 18.6 22.7 33.9 27.5
25.8 26.9 21.9
Controls 1.4 0.7 1.0 1.01.0 1.3 0.9
100 ma/in. constant a-c current maintained; d-c component blocked from circuit
Duration of Test 4 weeks 8 weeks 12 weeks
Mg. Loss Ave. Mg. Loss Ave. Mg. Loss Ave.
DA 2 electrodes 23.2 22.5 30.2 26.1
21.8 23.1 28.9
Controls 0.9 0.7 0.9 1.4 1.3
0.6 0.8 1.2
constant voltage maintained; initial a-c current density 100 ma/in. 2; d-c com-
ponent in circuit; no controls
Duration of Test 4 weeks 8 weeks 12 weeks
Mg. Loss Ave. Mg. Loss Ave. Mg. Loss Ave.
DA 3 electrodes 7.6 11.1 17.8 16.5 15.4 12.7
14.7 15.3 10.1
constant voltage maintained; d-c component blocked from circuit
Duration of Test 4 weeks 8 weeks 12 weeks
Mg. Loss Ave. Mg. Loss Ave. Mg. Loss Ave.
DA 4 electrodes 11.3 10.6 14.0 15.4 18.5 12.3
10.0 16.8 6.2
Controls 0.6 0.5 0.4 0.5 2.1 1.5
0.4 0.7 0.9
(Table 20, continued)
TABLE 20, CONTINUED
Average Corrosion Rate Data mg/in. 2/day
constant current;
Duration of Test
DA 1 electrodes
constant current;
Duration of Test
DA 2 electrodes
constant voltage;
Duration of Test
DA 3 electrodes
constant voltage;
Duration of Test
DA 4 electrodes
d-c component in circuit
4 weeks
7.05
8 weeks
2.74
d-c component blocked from circuit
4 weeks 8 weeks
5.5 3.22
d-c component in circuit
4 weeks
2.68
8 weeks
2.0
d-c component blocked from circuit
4 weeks 8 weeks
2.56 1.86
12 weeks
2.15
12 weeks
2.15
12 weeks
1.03
12 weeks
0.99
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